WO 2005/062354 



PCT/IB2004/052644 



1 

A semiconductor substrate with solid phase epitaxial regrowth with reduced junction leakage 
and method of producing same 



The present invention relates to a method of producing a semiconductor device 
in which use is made of a solid phase epitaxial regrowth technique to produce shallow 
junctions. 



5 

The technique of SPER is disclosed a.o., by US-A-6,063,682. According to 
this prior art document, heavy ions are implanted into a silicon substrate. The implanted 
heavy ions create an amorphous layer at the top surface of the substrate. The amorphous layer 
is free of channels. Then, a silicon implanting step is performed to create an excess of 
10 vacancies compared to interstitials within a top layer of the substrate. Since the amorphized 
silicon layer is free of channels, the depth of implant is mainly restricted to this amorphized 
silicon layer. 

One of the most promising approaches for future generations of CMOS 
technology nodes is low temperature processing. This is due to a few reasons, such as metal 

15 gate and junction formation that require a reduced thermal budget Ultra-shallow (source and 
drain extensions) junctions formed by Solid Phase Epitaxial Regrowth (SPER) can be 
obtained with good metastable B activation, limited dopant diffusion and excellent 
abruptness. Typical temperatures used for the junction regrowth are between 1^550°C and 
T=750°C. Processing at these low temperatures does not remove the post-implantation 

20 damage completely and therefore such junctions suffer from a higher leakage current. Deep 
Level Transient Spectroscopy (DLTS) studies prove that the typical defects are positioned 
0.457 eV below the conduction band. 

However, together with high dopant activation levels in the junction and 
excellent abruptness of the junction a dramatic increment of band-to-band leakage current has 

25 been observed. 
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Therefore it is an object of the present invention to provide a method of 
producing a semiconductor device as stated at the outset that reduces the leakage current of 
the junction. 

To obtain this object, the present invention provides a method of producing a 
5 semiconductor device comprising: 

a) providing a semiconductor substrate, 

b) making a first amorphous layer in a top layer of the semiconductor substrate 
by a suitable implant, the first amorphous layer having a first depth, 

c) implanting a first dopant into the semiconductor substrate to provide the first 
0 amorphous layer with a first doping profile, 

d) applying a first solid phase epitaxial regrowth action to partially regrow the 
first amorphous layer and form a second amorphous layer having a second depth that is less 
than the first depth and activate the first dopant, 

e) implanting a second dopant into the semiconductor substrate to provide the 
5 second amorphous layer with a second doping profile with a higher doping concentration 

than the first doping profile, 

f) applying a second solid phase epitaxial regrowth action to regrow the second 
amorphous layer and activate the second dopant. 

By this method, a semiconductor substrate is provided that has two shallow 
:0 areas close to the surface of the substrate. A first area that is located adjacent to the top 

surface of the substrate has a higher doping level than the second area that is adjacent to the 
first area and extends into the substrate. This second area can be made even more shallow 
than the first area. For instance, the first area adjacent to the surface can have a thickness of 
6-12 nm, whereas the second area may have a thickness of 2-4 nm. Due to the differences in 
,5 doping levels, the leakage current from the first area across the junction can be reduced 
efficiently. 

According to an embodiment of the present invention the method includes, 
prior to action b), implanting an initial dopant to provide a HALO implant area extending 
deeper than the first amorphous layer. 
10 In a further embodiment the present invention relates to a semiconductor 

device made by a solid phase epitaxial regrowth technique, comprising a semiconductor 
substrate with a first area having a first conductivity profile and a second area having a 
second conductivity profile, the second area having a thickness of 6-12 nm and being located 
adjacent to a top surface of the semiconductor substrate, and the first area having a thickness 
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of 2-4 nm and being located adjacent to the second area, the second conductivity profile 

having a lower conductivity than the first conductivity profile. 

Moreover, the invention relates to a metal oxide semiconductor device 

comprising such a device. 
5 Finally, the invention relates to an apparatus provided with such a 

semiconductor device. 

The present invention will now be illustrated with reference to some drawings, 

which are only intended to illustrate the present invention and not to limit its scope. The 

scope is only limited by the definition of the claims as annexed to this description, and its 
1 0 technical equivalents. 



Figs, la- If show different stages of producing a semiconductor device in 
accordance with the present invention. 
15 Fig. 2 shows an example of a dopant concentration and a conductivity profile 

as a function of depth in a semiconductor substrate in accordance with a method known from 
the prior art. 

Fig. 3 shows an example of dopant concentrations and a conductivity profile 
as a function of depth in a semiconductor substrate in accordance with the invention. 

20 

In the description to follow, same reference numbers refer to same elements in 
all Figures. Figures la- If refer to producing a metal oxide semiconductor device in which the 
present invention is used. However, as will be evident to a person skilled in the art, the 

25 inventive features may be applied in the production of any other type of semiconductor 
device where shallow junctions are desired. 

Figure la shows a semiconductor substrate 1 of a p-type. Field oxide regions 3 
are provided on a top surface of the semiconductor substrate 1 . At certain locations, a thin 
oxide layer 5 is provided by a technique known to a person skilled in the art. The thin oxide 

30 layer 5 can later be used as the gate oxide layer within the MOS device to be produced. 

However, the present invention is not restricted to the application of a thin oxide layer 5 to 
obtain the desired effect as will become clear from the description below. 
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The structure of Figure la is provided with a suitable photoresist layer 30 
having an opening above the thin oxide layer 5. Next, an implanting action is performed to 
produce an n- well 1 1 within the substrate 1 . 

The thin oxide layer 5 may be removed and substituted by a new, fresh oxide 
5 layer and used later on as the gate oxide layer in the MOS device to be produced. However, 
here it is assumed that the thin oxide layer 5 remains in place. As shown in Figure 1c, on top 
of the thin oxide layer 5, a poly silicon layer 13 is provided, which is to be used later as the 
gate of the MOS device to be produced. 

An amorphization implant 15 is performed to produce an amorphous layer in 

10 the top of the substrate 1 . The depth of the implant that defines the depth of the amorphous 
layer is indicated by means of reference number 17. The implant 15 to produce this 
amorphous layer may be performed using Ge, GeF 2 or Si. However, other atoms, like indium, 
may be applied instead. By this implant, the channels in the silicon substrate 1 are eliminated, 
in the amorphous layer. 

15 This step of producing the amorphous layer is followed by a subsequent 

dopant implant, e.g., with boron (B), phosphorus (P), arsenic (As) or indium (In). Since there, 
are no channels within the amorphous layer, the dopant implant atoms, like boron, will 
penetrate the silicon substrate 1 to a depth only slightly below the amorphous layer. The 
depth of this subsequent dopant implant is indicated by means of reference number 19. It is to 

20 be understood that the depth of implant 19 is only slightly larger than the depth of the . 
amorphous layer 17. The distances between the dashed line 17 and the top surface, and the 
distance between the dashed line 19 and the top surface of substrate 1 are not drawn to scale. 
They are drawn only to illustrate the principle of the present invention. 

Now, reference is made to Figure 2. 

25 Figure 2 shows the top of the silicon substrate, the depth of the amorphous 

layer 17 and the depth of the implant of boron (as an example) 19. The boron profile 
corresponds to the boron profile as shown in prior art document US-A-6,063,682. 

A next action is to apply a so-called low temperature approach, i.e. a solid 
phase epitaxial regrowth (SPER) technique. In SPER, the silicon crystal is first pre- 

30 amorphized, then doped and finally regrown at a temperature typically between 550° C and 
750° C. By this temperature action, the amorphous layer is regrown and the dopant (e.g., 
boron) is activated. The main advantages of SPER are limited dopant diffusion (hardly 
beyond the amorphous layer 17) and above solid solubility dopant activation. 
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However, experiments have shown that the low temperature action of SPER 
does not remove the post-implantation damage completely. Therefore, junctions made by 
SPER may suffer from a higher leakage current. 

The present invention proposes to solve this problem by the method explained 

5 with reference to Figure 3 . 

Figure 3 shows the top area of the silicon substrate again. Figure 3 shows the 

depth of the amorphous layer 17 on a larger scale than Figure 2. 

The amorphous layer 17 may be produced by implanting with at least one of 
Ge, GeF 2 , Si, Ar or Xe atoms. When Ge is used a typical energy may be between 2-30 keV 
10 and a typical dose may be 1 0 15 atoms/cm 2 . Other energies or doses may be used. 

Next, the semiconductor substrate 1 is implanted with a dopant, e.g. B, with a 
rather low energy. When B is implanted, such a low energy may typically be between 3-10 
keV. Then the dose may typically be of the order of 10 14 atoms/cm 2 . A B-doping 
concentration indicated as "low B-concentration" results. P, As or In may be used instead of 

15 B. 

Subsequently, in accordance with the present invention the amorphous layer 
17 is not entirely regrown by means of a SPER technique but only partially. That is to say, 
the SPER process applied at a temperature of typically between 550°C and 750°C is 
performed during a few seconds only. By this SPER process, a layer of 2-6 nm can be created 
20 with only lowly active B. Only a portion of the earlier layer 17 remains amorphous, as 

indicated by means of a dashed line 21. That is to say, the substrate is regrown from dashed 
line 17 to dashed line 21, whereas an amorphous layer remains between dashed line 21 and 
the semiconductor surface. The depth from the semiconductor surface to dashed line 21 may 
be 6-12 nm. 

25 Next, a further dopant implantation follows, e.g., again using B. The energy 

is 

may typically range between 0.5 and 3 keV. A typical dose may be of the order of 10 
atoms/cm 2 . These B-atoms will, typically, not be implanted deeper than the depth of the 
remaining amorphous layer, i.e. up to dashed line 21. P, As or In may be used instead of B. 

Only after this action, the remaining portion of the amorphous layer 21 is 
30 regrown entirely. Again this is done by a SPER process. Typical temperatures again range 
between 550°C and 750 °C. However, a typical time needed is of the order of 1 minute. 

Thus, a top area adjacent the semiconductor surface results having two 
combined dopant concentrations, i.e. in a first region adjacent to the semiconductor surface 
there is a higher doping level than in a second region adjacent to the first region. The second 
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region between the dashed lines 21 and 17 has a lower doping level than the first region 
between the semiconductor surface and the dashed line 21. After the completion of this 
action, a conductivity profile results, as indicated in Figure 3, which has a higher 
conductivity in the region between the semiconductor surface and the dashed line 21 than in 
5 the region between the dashed line 21 and the dashed line 17. 

Experiments have shown that, after completion of the structure shown in 
Figure 3, the higher the activation level of the dopant in the region between dashed lines 21 
and 17, the lower the leakage reduction is. For example, a typical activation level in the 
region between dashed lines 21 and 17 may be 6.5 x 10 19 B at/cm 3 . However, at the same 
10 time, investigations have shown that there is no further improvement if the width of the area 
between the dashed lines 21 and 17 exceeds 6 nm. 

As will be explained below, the region between the semiconductor surface and 
dashed line 17 will eventually form source/drain extensions of a transistor. By the method 
described above, the doping of this region can still be highly activated, which makes it 
15 possible to tune the on/off current of the transistor comprising such source/drain extensions. 
In other words, there is good control over the transistor channel region to be produced. 

Now, with reference to Figures Id- If, the completion of the semiconductor 
device to be produced will be explained. 

As shown in Figure Id, after the SPER process, lightly doped regions 18 result 
20 that will become source/drain extension regions of the MOS transistor on the substrate 1 . The 
depth of these doped regions 1 8 will be substantially equal to the depth of the earlier 
amorphous layer 17. 

On top of the structure, a spacer material 21 is deposited. The spacer material 
21 may be silicon dioxide. However, other spacer materials may be used, as is known to a 
25 person skilled in the art. 

The spacer material 21 is etched with a suitable etchant in such a manner that 
only side spacers 23 adjacent to the polysilicon layer 13 remain. See Figure le. This is all 
prior art and needs no further explanation here. It is noted that, due to the etch process, only a 
portion of the thin oxide layer 5 remains, i.e. the portion below the polysilicon layer 13 and 
30 the portions below the side spacers 23. The portions of the thin oxide layer 5 that are situated 
elsewhere are removed by the etch process. 

A further ion implant action is performed as shown in Figure If. In the 
embodiment shown, this is a p + implant 29 to produce a p + source region 27 and a p + drain 
region 152. These source and drain regions 27, 25 extend deeper into the substrate 1 than the 
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previously doped regions 18. The side spacers 23 act as a mask to protect portions of the 
previously doped regions 18 from this latter p + implant 29. Thus, extension regions 18 remain 
after this action. 

As is known to a person skilled in the art, the manufacture of the MOS device 
5 is completed by, e.g., providing a suitable silicide process to form silicide on the drain 25, the 
source 27 and the polysilicon layer 13 which acts as a gate. This latter silicide process is 
known to a person skilled in the art and is not shown in Figure If. 

As will be evident to persons skilled in the art, the present invention is not 
limited to the example given above. 

10 For example, to implant the dopant both before and after the partial regrowth 

of the amorphous layer the presence of an insulating layer 5 on the semiconductor substrate 
surface is not required. 

Moreover, the present invention has been illustrated with dopants comprising 
B to produce p-type extensions for source and drain regions. However, other types of dopants 

15 will be used if one wishes to produce an n-type extension. Moreover, as will be evident to 
persons skilled in the art, there may be HALO background areas extending deeper into the 
substrate 1 than the extensions 1 8. Figure 4 shows such HALO background areas 29 which 
extend deeper into the substrate 1 than the extension areas 18 but less deep than the source 
and drain regions 27 and 25, respectively. Such HALO regions are known to persons skilled 

20 in the art and need no further explanation here. To produce these HALO regions 29, the 

substrate 1 is implanted with dopants of a conductivity type opposite to the conductivity type 
of the dopant used to produce the extension regions 18 and 19 and the source and drain 
regions 27, 25. This implantation for the halo regions 29 is performed prior to producing the 
amorphous layer 17 shown in Figure 1c and Figure 3. 

25 A desired transistor performance can be obtained by applying an optimum 

combination of activation levels in the extension regions 18, i.e. both in the region between 
the semiconductor substrate surface and the dashed line 21 and in the region between the 
dashed lines 21 and 17, as well as in the HALO regions 29 and the width of the regions 
shown in Figure 3. 
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